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Abstract
Background: Awad et al. [1] reported on the Ca2+-induced transitions of dioleoyl-phosphatidylglycerol (DOPG)/monoolein
(MO) vesicles to bicontinuous cubic phases at equilibrium conditions. In the present study, the combination of rapid mixing
and time-resolved synchrotron small-angle X-ray scattering (SAXS) was applied for the in-situ investigations of fast structural
transitions of diluted DOPG/MO vesicles into well-ordered nanostructures by the addition of low concentrated Ca2+
solutions.
Methodology/Principal Findings: Under static conditions and the in absence of the divalent cations, the DOPG/MO system
forms large vesicles composed of weakly correlated bilayers with a d-spacing of ,140 A˚ (La-phase). The utilization of a
stopped-flow apparatus allowed mixing these DOPG/MO vesicles with a solution of Ca2+ ions within 10 milliseconds (ms). In
such a way the dynamics of negatively charged PG to divalent cation interactions, and the kinetics of the induced structural
transitions were studied. Ca2+ ions have a very strong impact on the lipidic nanostructures. Intriguingly, already at low salt
concentrations (DOPG/Ca2+.2), Ca2+ ions trigger the transformation from bilayers to monolayer nanotubes (inverted
hexagonal phase, H2). Our results reveal that a binding ratio of 1 Ca
2+ per 8 DOPG is sufficient for the formation of the H2
phase. At 50uC a direct transition from the vesicles to the H2 phase was observed, whereas at ambient temperature (20uC) a
short lived intermediate phase (possibly the cubic Pn3m phase) coexisting with the H2 phase was detected.
Conclusions/Significance: The strong binding of the divalent cations to the negatively charged DOPG molecules enhances
the negative spontaneous curvature of the monolayers and causes a rapid collapsing of the vesicles. The rapid loss of the
bilayer stability and the reorganization of the lipid molecules within ms support the argument that the transition
mechanism is based on a leaky fusion of the vesicles.
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Introduction
Self-assembled nanostructures play an important role in cell life.
Over the last decades, learning from the self-assembly of molecular
building blocks in nature and mimicking especially the architec-
ture of biomembranes by model membrane systems have lead to
various applications such as composite materials synthesis, novel
optics and catalysts, as well as to the development of novel
functional food, cosmetics, and drug nanoparticulate carriers [2–
7]. Therefore, it is important to study their formation processes
and their stability under various physicochemical conditions such
as varying temperature, pressure, or the addition of solutes
(surfactant, cosurfactant, hydrophilic or hydrophobic additives,
salts, etc.) [8–12]. Moreover, understanding biological relevant
functions and controlling efficiently processes on a mesoscopic
level is desirable. Thus, research on the mechanisms of structural
transformations in self-assembled systems and the detection of
possible intermediate phases has aroused great interest [8–13]. We
note that under realistic circumstances, the structural transitions
taking place in cell life or any model system are often different
from those observed under equilibrium conditions [9,10,12,13].
Combining rapid mixing and X-ray scattering techniques has
become an important tool for investigating the dynamics of
structural transitions in the self-assembled systems. Recent reviews
[9,10,13] showed the power of integrating stopped-flow devices in
synchrotron small-angle X-ray (SAXS) or neutron scattering
(SANS) beamlines. It allows in-situ millisecond time-resolved
experiments. There is also a growing number of investigations
devoted to elucidating the morphological transitions in amphi-
philic systems [8–14]. For instance, Weiss et al. [8] reported on the
spontaneous formation of unilamellar vesicles (ULVs) by rapidly
mixing two oppositely charged micellar solutions. In other
investigations, the internal transfer of materials from nanostruc-
tured emulsions [15], the impact of rapid mixing of salt solutions
with phospholipid vesicles [16,17], and the salt-induced formation
of calcium carbonate [18] have been studied by time-resolved
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SAXS. Coupling rapid mixing to other techniques helps also to
unravel other interesting processes [19,20]. For instance, the
folding pathway of an a-helical membrane protein in lipid vesicles
has been kinetically studied by using fluorescence and absorption
spectroscopy [19]. Another example is combining Fourier
transform infrared spectroscopy with SAXS for monitoring the
rapid hydrolysis and the condensation of metal alkoxides [20].
In this work, we applied the stopped-flow method in
combination with synchrotron SAXS to study the impact of
Ca2+ on an anionic bilayer model system. In nature, the
associations of divalent cations to negatively charged phospholip-
ids have a very important role in several processes [21–23]. For
instance, the strong binding of Ca2+ ions to anionic phospholipids
in biological membranes is crucial for several functions such as in
fusion processes, the protein regulation, the transportation of
molecules across the membranes, and the neural signal transduc-
tion [21–31].
It is a difficult task though to fully understand the role of Ca2+ in
the biological processes due to their complexity. The strong affinity
of this divalent cation to anionic lipids leads to the formation of
coordination complexes with one or more of lipid phosphate
groups and thus causes drastic changes in the phase behavior of
the biomembrane. Therefore, a great share of research studies is
dedicated to understanding the impact of Ca2+ ions on
phospholipid model systems, which are mimicking the structure
of biologically relevant membranes in a simple manner [21–
29,32–35]. In particular, Ca2+-induced lamellar to non-lamellar
structural transitions in anionic phospholipid systems have been
repeatedly studied. Theses investigations were in great part also
motivated by the significant role of these transitions in fusion
driven processes like in endo- and exocytosis [24,27,35–39]. In this
context, the influence of Ca2+ on anionic cardiolipin (CL) vesicles
is remarkable. Already the addition of a low concentration of
divalent cations induces the transition from the fluid lamellar (La)
to the inverted type hexagonal phase (H2) [24,27,35,38,39]. A
similar behavior was also observed for membranes based on
phosphatidic acid (PA) [36,37].
Nevertheless, membrane curvature is not only driven by
divalent salt ions, but some special peptides and proteins may
also induce the formation of non-lamellar structures [40–44].
Recently, we found that the addition of short charged designer
peptide surfactants can be used to stabilize different non-lamellar
mesophases [44]. However, the growing interest to study also non-
lamellar structures of other surfactant-like molecules is mainly
stimulated by their biological relevance [45–52]. Moreover, the
non-lamellar phases (such as the inverted types of hexagonal and
cubic phases) are not only characterized in the bulk non-dispersed
state, but their fragmentation into kinetically stabilized submicron
sized dispersed particles have also received considerable attention
[45,46,53–67].
In this study, our main objective focuses on the dynamical
behavior of DOPG/MO-based vesicles after rapid mixing with
low concentrated Ca2+ solutions. Awad et al. [1] reported on the
transition of multi- (MLV) and unilamellar (ULV) DOPG/MO-
based vesicles into bicontinuous cubic phases at certain Ca2+
concentrations. In their work, SAXS experiments were carried out
under static conditions. Our rapid-mixing experiments on the
same lipid system can be considered complementary to those done
in [1]. Our main interest focuses on the dynamic salt-lipid
interactions. The applied set-up is schematically illustrated in
Figure 1. Another major goal is to gain insight into the
mechanism of calcium-triggered structural transition pathways in
binary lipid systems, i.e. to elucidate the Ca2+ induced vesicle-
vesicle interactions, to detect possible formation of intermediate
phases, and possibly to learn how to control the overall process.
Results and Discussion
1. Characterization of DOPG/MO-based Vesicles
To characterize the DOPG/MO-based vesicles with a molar
ratio of 30:70 long static exposures were taken at 20, 25 and 50uC,
respectively. Under static conditions, the vesicles are stable for at
least several weeks. In addition, there was no significant change in
the overall properties of the vesicular dispersions at the
temperature range of 20–50uC. A typical SAXS pattern at 25uC
after subtraction of the background arising from water and sample
holder is displayed in Figure 2. The weak membrane correlations
can already be judged from the low intensity of the first three
diffraction peaks. In other words, the pattern is mainly dominated
diffuse scattering.
Figure 1. Schematic of the combined stopped-flow and
synchrotron SAXS set-up. In the stopped-flow apparatus, one
syringe contained a buffer with Ca2+ ions, whereas the other contained
DOPG/MO-based vesicles. The rapid mixing was conducted within
10 ms and the formation of the inverse hexagonal phase (H2) was
followed by millisecond time-resolved SAXS.
doi:10.1371/journal.pone.0002072.g001
Figure 2. Background subtracted SAXS pattern of DOPG/MO-
based vesicles at 25uC in the absence of Ca2+ ions. The
investigated vesicles are composed of DOPG and MO at a molar ratio
of 30:70 with a total lipid content of 7 wt%. The best global fit to the
experimental data is given by a solid red line (cp. data analysis). The
inset shows the quality of the fit at higher q-values. The structural
bilayer parameters are summarized in Table 1.
doi:10.1371/journal.pone.0002072.g002
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The applied global model for fitting SAXS patterns of fluid
lamellar phases, which is described in Materials and Methods,
shows good agreement with the measured intensity over the whole
measured q-range. In the low q-regime, the first diffuse maximum
is displayed together with the Bragg peaks and the fit quality of the
high q-regime can be judged from the log/lin plot in the inset of
Figure 2. The derived parameters of the global fitting method are
summarized in Table 1, and the obtained bilayer model is
illustrated in Figure 3. Our results reveal that the interbilayer
distance in these weakly ordered bilayer stacks of the DOPG/MO
vesicles is d= 144 A˚, which is relatively big as compared to neutral
phospholipid/water systems [48]. This is caused by electrostatic
repulsion between the charged DOPG/MO membranes. Hence,
the La system is highly swollen indicating further that the overall
vesicle size must be relatively large as compared to neutral lipid
MLVs. Moreover, the big interlamellar distance explains also the
low membrane correlation number, Nmean (Table 1). The highest
scattering contribution is given by the diffuse scattering
(Ndiff = 94%). It arises from positionally uncorrelated membranes
that do not ‘‘see’’ each other. This can be attributed either to the
occurrence of defects, or due to the membrane undulations. It
could be also simply related to the coexistence of ULVs. The
measured bilayer properties are typical for the fluid La phase. The
determined bilayer thickness (2?zH = 36.6 A˚, Figure 2) agrees also
well with the previously reported value for the binary MO/water
system [59]. The mean square fluctuations in the water spacing
between bilayers - expressed in the Caille´ parameter, g - are
similar to those of other weakly bound fluid membrane systems
[68].
2. In-situ Monitoring of Direct La-H2 Transition
Figure 4 shows an example of the calcium induced structural
La-H2 phase transitions observed in DOPG/MO-based large
vesicles at 50uC (30:70 mol/mol with a total lipid content of,7 wt
%). The CaCl2 concentration after rapid mixing was 20 mM. The
real-time evolution of the SAXS patterns demonstrates the drastic
impact of Ca2+ ions on tuning the curvature of DOPG/MO
monolayers. Intriguingly, there is a very fast and direct transition
of the vesicles to the H2 phase. The three characteristic peaks of
the H2 phase, which are identified by the (10), (11), and (20)
reflections, are clearly observed. This observation indicates that
the vesicles lose their stability immediately after the rapid-mixing
procedure and the structural transition occurs during the first
milliseconds of our investigation. Herein, we do not have any
indication for the formation of an intermediate structure.
The driving force for the fast La-H2 phase transition is the
strong electrostatic interactions of Ca2+ ions with the phosphate
group of the anionic DOPG lipid. The divalent cation is screening
the repulsive forces between the negative charges of DOPG
molecules in the membrane, and its strong binding leads to the
Ca2+-DOPG complex formations. This strong ion binding was
reported for various phospholipid systems [21,32–34,69–72].
Lehrmann and Seelig [72] suggested a two-step mechanism for
Figure 3. Electron density bilayer model of the DOPG/MO
vesicles at 25uC in the absence of Ca2+ ions. This model is
composed of one Gaussian representing the electron density distribu-
tion of the polar headgroups at 6zH and a second for the hydrophobic
core with its centre at the bilayer mid-plane. The corresponding widths
of the Gaussians are given by the standard deviations sH and sC,
respectively. d defines the lattice spacing of the La phase. The obtained
results refer to the data of Figure 2.
doi:10.1371/journal.pone.0002072.g003
Figure 4. Time-resolved X-ray pattern of the rapid calcium-
triggered H2 phase formation at 50uC. The vesicle dispersion
contained DOPG/MO with a molar ratio 30:70 (7 wt% lipid), and the
final salt concentration was 20 mM. The contour plot clearly displays
the first three reflections of the H2 phase; no indication for the
formation of an intermediate phase is spotted.
doi:10.1371/journal.pone.0002072.g004
Table 1. Fit parameters derived from the GAP evaluation of
the SAXS pattern (Figure 2) for the DOPG/MO-based vesicles
(7 wt% lipid, T = 50uC).
Parameter Value
d (A˚) 144.060.2
N mean 261
g 0.09160.004
zH (A˚) 18.360.3
sH (A˚) 2.9560.2
sC (A˚) 7.4060.3
rR 21.0060.06
N diff 0.9460.39
The d-spacing, the headgroup position, zH, the headgroup width, sH, and the
width of the hydrophobic core, sC, are defined in Figure 3. rR, is the relative
electron density of the bilayer trough set in relation to the headgroup density,
Nmean, the membrane correlation number, Ndiff, the fraction of diffuse scattering
and g, the Caille´ parameter.
doi:10.1371/journal.pone.0002072.t001
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describing the complex of negatively charged phospholipid-Ca2+
phases. Firstly, the divalent ions are bound tightly to the anionic
groups of the lipid molecules and thus leading to an increase in the
local Ca2+ concentration at the lipid/water interface. Secondly,
the strong direct interactions of Ca2+ ions with the phosphate
group induce the formation of coordination complexes, in which
an ion is bound via the phosphate group to one or more lipid
molecules. In another article, Bo¨ckmann and Grubmu¨ller [73]
showed in simulation studies for neutral and zwitterionic
phospholipid bilayers that the coordination of Ca2+ with lipid
bilayers is a multistep process involving the appearance of a
sequence of intermediates, when the ions are bound to the
carbonyl group of the phospholipid. Furthermore, Pedersen et al.
[70] reported recently that Ca2+ ions move rapidly within
nanoseconds from the bulk phase of water to the lipid bilayers
and are localized in a narrow (,10 A˚) band near the phosphate
group. This differs significantly from the behavior of monovalent
ions such as Na+ [71,73–75].
In a first attempt to explain the impact of adding Ca2+ ions on
the DOPG/MO-based vesicles, we follow the simple approach
describing the ‘effective’ molecular geometry of the involved lipids
and its influence on the formation of diverse self-assembled
nanostructures. It is expressed as the critical packing parameter
(CPP) or the molecular shape factor, which is defined as vs/a0l,
where vs is the hydrophobic chain volume, a0 is the headgroup
area, and l is the hydrophobic chain length [76]. In literature, it
was shown that there is a strict dependence of the CPP on different
parameters such as the individual surfactant’s shape, temperature,
hydration, the presence of hydrophilic or hydrophobic guest
molecules, and electrostatic forces [1,36,44,53,63,77].
To better understanding the behavior of studied DOPG/MO
system in the presence of divalent cations, one should recall that
the fully hydrated binary MO/water system displays at ambient
temperatures the bicontinuous cubic phase with Pn3m symmetry.
The successive addition of sufficient DOPG molecules leads to the
formation of the La phase [1]. This structural transition is
attributed to the electrostatic repulsions between the negative
charges of the DOPG molecules incorporated into the electrically
neutral MO-based membrane. This means an increase of the
distance of the negative charges and an increase in the a0 value at
the water/lipid interface. Hence, the electrostatic repulsions are
sufficient to significantly decrease the CPP value and to destabilize
the former bicontinuous cubic phase [1]. It was further
demonstrated that this structural transition does not occur in the
presence of 1.0 M NaCl indicating that the electrostatic forces are
playing a crucial role in controlling the nanostructure [1]. The
individual shape of DOPG molecules, which can be considered as
rod-like, works on the CPP value in the same direction, i.e.
inducing a less negative spontaneous curvature. This is also
confirmed well by other investigations, in which it was proved that
mixing a surfactant favoring the formation of lamellar phases (such
as DOPG) with a lipid favoring the formation of non-lamellar
phases (such as MO) induces non-lamellar to lamellar phase
transitions [53,78–80].
Returning to our studied system, we found that the addition of
Ca2+ ions to the negatively charged DOPG/MO vesicles has a
very strong impact on the lipidic nanostructure. Ca2+/DOPG
complexes decrease the electrostatic repulsions between neigh-
bouring DOPG molecules and hence, cause a decrease in the a0
value. Intriguingly, our results show that already at relatively low
salt concentrations (DOPG/Ca2+ ratios.2.0, confer Table 2), the
CPP value increases so drastically that a direct La- H2 structural
transition takes place, i.e. without forming any longer living
intermediate bicontinuous cubic phase. For negatively charged
single phospholipid bilayers, it is well known that the strong
binding of Ca2+ ions to the phosphate group such as in
phosphatidylglycerols (PGs) and phosphatidlyserines (PSs) is
entropy driven and causes a dehydration of the membrane (a
decrease in a0). Moreover, a condensing effect reflected by a tighter
packing of the fatty acyl chains is observed [32–34,70,81–83].
Figure 5 displays the time evolution of the intensity of the first
order diffraction peak (panel A), and its corresponding d-spacing
(panel B) of the H2 phase, which is formed directly after the rapid-
mixing process. A simple single exponential function is used to fit
the data and it is represented by a full red line. Both, the intensity
and the lattice spacing reflect the same kinetics (k = 0.1060.03 and
0.1260.02 sec21, respectively). The full formation of the H2 phase
is accomplished after ,20 sec. However already 100 ms after the
rapid mixing, ,50% of the material is ordered in the form of
aggregated inverted lipid nanotubes (panel A), and the restructur-
ing step thereafter is minor as can be seen in the small lattice
changes (,0.5 A˚) (panel B). Thus, at the given time-resolution of
100 ms per frame, the early steps of the transition are not detected:
the salt-binding (nanosecond scale), the adhesion of the mem-
branes, and finally the initial part of the conversion to the H2
phase are obscured. In this regard, we can only argue that these
first steps are rapid (nano- to millisecond time scale), and most
probably the transformation to non-lamellar structure takes place
Table 2. The molar ratios of DOPG/[Ca2+] and (DOPG+MO)/[Ca2+] after rapidly mixing the DOPG/MO-based vesicles with PIPES
buffer (pH 7.0) containing 68 mM Ca2+ ions.
Exp. No. Volume A (%) Volume B (%) Final Ca2+ conc. (mM) DOPG/[Ca2+] (DOPG+MO)/[Ca2+]
1 10 90 61 0.1 0.2
2 30 70 48 0.3 0.9
3 50 50 34 0.6 2.1
4 70 30 20 1.5 4.9
5 90 10 6.8 5.5 18.4
6 93 7 4.8 8.3 27.8
7 94 6 4.1 9.9 32.8
8 95 5 3.4 12.0 40.0
The investigated vesicles in the absence of Ca2+ ions were composed of DOPG and MO at a constant molar ratio of 30:70 and the total lipid content was 7 wt%. Eight
different rapid-mixing investigations with different volume ratios of the vesicles (volume A) to the buffer (volume B) are summarized. In addition, the final Ca2+
concentrations are given.
doi:10.1371/journal.pone.0002072.t002
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directly. The good agreement of the single exponential function
with the experimental data supports our arguments that any
hypothetical formation of an intermediate phase has at most a
lifetime of few milliseconds.
In order to study the effect of different Ca2+ concentrations on
the DOPG/MO membranes, we carried out a series of rapid-
mixing experiments. Figure 6a presents the SAXS scattering
curves for the dispersions containing various amounts of Ca2+ ions
71 sec after rapid mixing. Interestingly, already at very low Ca2+
concentrations the strong binding of Ca2+ to the polar interface
induces the formation of the H2 phase. At 3.4 mM, which is the
lowest divalent ion concentration applied, the typical SAXS
pattern of DOPG/MO vesicles is accompanied by the appearance
of a small peak at q value of approx. 0.107 A˚21. It indicates a
biphasic dispersion consisting of H2 traces coexisting with vesicles.
The observed peak refers to the (10) reflection of a newly formed
H2 phase. With a further increase of Ca
2+ ions concentration, the
observed peak’s intensity and sharpness increase until having a full
transformation to the H2 phase (at 4.8 mM). In Figure 6b, the
d10-spacing value of the H2 phase is plotted versus Ca
2+ ions
concentration. In the regime of low Ca2+ concentrations
(,10 mM), there is a sharp decrease of approx. 3 A˚ in the d10-
spacing value with increasing Ca2+ concentration. The results
reveal also that a further increase of the Ca2+ concentrations
(.10 mM) has insignificant influence on the structure parameter.
A plausible explanation is associated with the compensation of the
negatively charged DOPG headgroups by Ca2+ ions. Arseneault
and Lafleur [84] investigated the binding of Ca2+ ions with the
binary 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG)/
water system by using isothermal titration calorimetry. They found
that the binding saturation of Ca2+ ions is completed when the
electroneutrality is reached, in which the salt-binding site in the
membrane consists of 2 PGs and 1 Ca2+. This conclusion was also
drawn from the analysis of Ca2+ binding to PS bilayers [85], and it is
supported by similar binding ratios reported for pure PG bilayers
[82]. The key role of electroneutrality is confirmed also by our data:
as long as electroneutrality is not reached, major rearrangements
take place in the H2 phase. Conversely, for ratios of DOPG/Ca
2+
less than 2 no significant lattice changes are observed (see inset of
Figure 6b and Table 2).
As mentioned in the introduction, Ca2+ ions induce also the La-
H2 phase transition in the CL-based membranes [24,27,35] and in
the PA-based systems [36,37]. To summarize this part of our
results, it must be stressed firstly that the local Ca2+ concentration
is the main driving force for inducing membrane curvature, and
secondly, the availability of salt at the membrane interfaces in the
rapid-mixing experiments is almost immediate (,100 ms). This
means that the vesicle-vesicle interactions are probably highly
leaky. Rapid collapsing of vesicles with early loss of their bilayer
structure favors the formation of the H2 phase. Leaky vesicle-
vesicle interactions have also been suggested for the H2 phase
formations induced by the divalent cations Sr2+ and Ba2+ [24].
3. Detection of an Intermediate Phase at Ambient
Temperature
The association of divalent cations to negatively charged
phospholipid membranes is not only affected significantly by the
salt concentration, but it is also enhanced by varying temperature.
Thus, we repeated the same rapid-mixing experiments as done in
the previous section (Figure 4), but now at an ambient
temperature (20uC). Figure 7 shows a series of SAXS patterns
taken during this investigation. The CaCl2 concentration after
mixing was 34 mM. The two most striking features are the
appearance of a possible intermediate bilayer nanostructure with a
short life time (seen 100–400 ms after mixing) and the rapid
induction of the H2 phase. The two strongest reflections of the
intermediate phase are marked by arrows and an additional
weaker reflection is circled with a dashed line. A closer look on the
diffraction pattern in this time window is given in Figure 8a. The
q-values of the three observed peaks are 0.079, 0.107, and
0.141 A˚21, respectively. It should be pointed out that the diffuse
background is typical for bilayer-based aggregates (compare
Figure 2) and definitely is too high to origin only from the
appearance of the H2 phase. Unfortunately, the assignment of this
intermediate phase is not unambiguous due to the low signal to
noise ratio in the SAXS scattering curve. However, it is easy to
realize that the second peak, which is developing with time is most
probably to be identified as the (10) reflection of the H2 phase
(Figure 8b). It can be clearly seen, when the intensity of this
reflection has reached its maximum, that also the characteristic
(11) and (20) reflections are observed (Figure 7). We note that
under equilibrium conditions, a stepwise increase of the Ca2+
concentration in the DOPG/MO system leads to the structural
transformation from the La to the cubic Im3m and Pn3m phases,
respectively [1]. On this background, the appearance of the
additional peaks at 0.079 and 0.141 A˚21 could indicate the
formation of an intermediate bicontinuous cubic structure
coexisting with the H2 phase. These peaks are compatible with
the reflections (110) and (211) in bicontinuous cubic phase with
Pn3m symmetry and a lattice parameter of 112 A˚, which agrees
Figure 5. Time dependence of the intensity (A), and the d-
spacing (B) of the first order reflection of the rapidly formed H2
phase referring to the experiment given in Figure 4. The solid
red line shows the best single exponential fit to the data. The time
constant, k, was determined to be 0.1060.03 and 0.1260.02 sec21 for
panels (A) and (B), respectively.
doi:10.1371/journal.pone.0002072.g005
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well to the reported values of the Ca2+-induced Pn3m phase
investigated in [1]. The (111) and (200) reflections of the proposed
Pn3m phase are not detected, most probably due to the low signal
to noise ratio and possible overlap with the (10) reflection of the
coexisting H2 phase. Alternatively, the intermediate formation of
the Im3m phase is unlikely, since the lattice parameters should fall
into a range of 150–180 A˚ [1], and a coexisting La phase could not
explain the weak peak at 0.141 A˚21 (for this hypothesis, the 2nd
order peak should be spotted at 0.158 A˚21). In summary, it is most
likely that Figure 8a shows an intermediate phase of bicontinuous
cubic phase of the symmetry Pn3m coexisting with a newly formed
H2 phase. It is also remarkable that the complete H2 phase
formation occurs very fast as soon as the intermediate phase has
vanished. De Kruijff et al. [38] reported also on the possible
occurrence of an intermediate cubic phase in a Ca2+-induced CL
bilayer to H2 phase transition.
Our findings indicate that the impact of Ca2+ ions on the
spontaneous monolayer curvature is higher at 50uC, since for the
given time-resolution of 100 ms no intermediate phase could be
detected during the La-H2 phase transition. For this behavior, two
main reasons can be identified. First, at higher temperatures the
chain pressure increases, which decreases the value of the
spontaneous monolayer curvature, and hence favors the formation
of the H2 phase. Second, increasing temperature enhances also the
dehydration of the hydrophilic headgroups. Especially, the strong
dehydration of the MO headgroups leads to a further decrease in
the monolayer curvature. Therefore, as shown in Figures 4 & 8b,
also the d10-spacing of the fully formed H2 phase decreases by
approx. 3.5 A˚ with increasing temperature from 20 to 50uC. A
similar temperature behavior is also known for the fully hydrated
pure MO-based system [86,87].
4. The Importance of the Experimental Protocol – Sample
History
It is very interesting that our results presented in the previous
sections are different from those published under static conditions
Figure 6. Comparison of the calcium-induced H2 phase in dependence of the final salt concentration. All rapid-mixing experiments were
carried out at 50uC. (A) The SAXS patterns of the DOPG/MO-based aqueous dispersions are displayed 71 s after the rapid mixing, i.e. approximately
one minute after the turnovers were completed (Figure 5). It should be pointed out that for the two lowest salt concentrations the H2 phase is
coexisting with weakly correlated bilayers (the positions of the very weak first two diffraction orders are marked by arrows). (B) The d10-spacing of the
H2 phase is displayed as a function of the final Ca
2+ concentration. The inset shows the d-spacing in dependence of the DOPG/Ca2+ ratio. The
electroneutral regime is highlighted in light grey.
doi:10.1371/journal.pone.0002072.g006
Figure 7. Time-resolved X-ray pattern of the calcium induced
H2 phase formation at 20uC. The vesicle dispersion contained
DOPG/MO with a molar ratio 30:70 (7 wt% lipid), and the final salt
concentration was 34 mM. The contour plot displays the first three
reflections of the H2 phase, but its formation is not immediate. In the
first 400 ms, an intermediate phase is apparent. Two strong reflections
are indicated by arrows and one weaker peak is circled by a dashed line.
doi:10.1371/journal.pone.0002072.g007
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by Yamazaki and his coworkers [1]. One crucial difference is given
by the sample preparation protocol. In [1], the aqueous
dispersions were centrifuged for half an hour at 13000 g and
thereafter the excess of water was removed. This means that the
SAXS investigations were carried out on so called ‘pellets’.
Normally, one would not expect that such a treatment could
influence the nanostructure, because the salt concentration should
remain the same and furthermore, the full hydration conditions
should still be maintained. In this regard, our SAXS measure-
ments on pellets confirmed the results of [1]: at 20.4 mM Ca2+
concentration, the Im3m phase forms, while at a higher
concentration (34.0 mM) the Pn3m phase is observed (data not
shown). Intriguingly, in our study keeping all experimental
conditions identical, but refraining from the removal of excess of
water, and thus, measuring a real DOPG/MO-based aqueous
dispersion, leads to the formation of the Ca2+-induced H2 phase at
both salt concentrations. In order to check the stability of the
formed H2 phase, we also remeasured the same dispersions after 1
and 2 weeks: the H2 phase remained stable. This finding at least
confirms the outcome of our time-resolved experiments carried out
with vesicles coexisting with excess water.
However, it remains the question why Ca2+ ions induce in the
pellet system bicontinuous cubic phases with moderate membrane
curvatures rather than the H2 phase. Although any tentative to
answer this question remains highly speculative, there are in
principle only two possible explanations: either the membranes in
the pellets display a lower salt affinity or for some reason the
DOPG/MO ratio gets altered in favor of MO during the last steps
of pellet production. The first scenario seems somehow awkward,
because temperature and salt concentration are kept the same, but
also in other studies the influence of the sample morphology on the
salt affinity was stated. For instance, Arsenault and Lafleur [84]
demonstrated especially for small ULVs with stressed bilayer
curvatures that the salt affinity is altered. In our case, either the
centrifugation step or the fact that the pellets resemble rather a
pure liquid crystalline phase rather than a ‘real’ aqueous
dispersion might have lowered the membrane affinity for the salt.
Thus, with an overall decrease in the salt-binding affinity, higher
salt concentrations would be needed to induce the H2 phase.
Secondly, it could be that the centrifugation of the DOPG/MO-
based dispersions for forming pellets induces the segregation of a
portion of DOPG molecules, which results in the formation of
DOPG-rich vesicles associated with Ca2+ ions in the excess water.
This effect would suggest that excluding part of DOPG molecules
from the DOPG/MO membrane favors the formation of bilayers.
In other words, a more MO-rich system would explain the
formation of the cubic phases. In this context, it is also noteworthy
from the previous studies that Ca2+ ions mixed with DOPG/MO
ULVs induced fragments of the sample to be assembled in the
cubic Pn3m phase, which accumulated at the walls of the sample
container [1]. In this particular case, it could also be that a phase
separation occurred, i.e. leading to relatively MO-rich fragments
coexisting with DOPG-rich vesicles in excess of water. This
viewpoint is supported by the known fact that the association of
Ca2+ with membranes composed of different lipids can enhance
the phase separation into microdomains [72]. In this regard, it is
also possible to think about a combined effect: removing
unwillingly part of the DOPG material with the excess of water,
means a simultaneous reduction in salt concentration due to the
strong association of Ca2+ to DOPG molecules. This of course
would also lower the spontaneous monolayer curvature.
5. Mechanism of the Lamellar (La) to the Bicontinuous
Cubic (Q2) and to the Hexagonal (H2) Phase transitions
Owing to the negatively charged surfaces of the DOPG/MO
bilayers, neighboring membranes are only weakly correlated
(Figures 2 and 3). However, as soon as the vesicle systems are
exposed to the Ca2+ solution, strong complexes between the
DOPG headgroups and the Ca2+ ions are formed. Consequently,
the electrostatic repulsion vanishes and the bilayers approach each
other. The monitored fast structural transition is attributed to the
effective vesicle-vesicle interactions between different vesicles or
between different lamellae within one vesicle. For pure PG/water
systems, it was even proposed [82,83] that the strong association of
divalent cations with PGs leads to the formation of highly ordered
dehydrated fluid lamellar phases, in which the divalent cations act
as a bridge between planar bilayers. Thus, the first step of vesicle-
vesicle interactions is believed to involve a rapid collapsing of the
vesicles. The second important salt effect concerns the monolayer
curvature. As discussed above, the integration of the divalent
cations into the polar interface results in higher negative
spontaneous curvatures, and finally promotes the formation of
non-lamellar phases.
In Figure 9, two possible transition routes are depicted. They
are generally different, but both can lead to the final formation of
Figure 8. Intermediate formation referring to the rapid-mixing
experiment of Figure 7. (A) The SAXS pattern is averaged from the
data taken in the range of 100–400 ms after the rapid mixing. It
indicates a possible formation of bicontinuous cubic phase of the
symmetry Pn3m. The observed Bragg peaks and their presented q-
values, suggest a coexistence with the H2 phase (for details see text). (B)
Temporal evolution of the observed lattice spacings.
doi:10.1371/journal.pone.0002072.g008
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the H2 phase. The first pathway describes the classical fusion steps
of two opposed membranes and bases on the formation of point
defects [88]: after two vesicles adhere (A), an intermembrane
attachment site can form (B, stalk-like topology), which then
converts into an extended area of intermembrane contact (C,
called transmonolayer contact or hemifusion) from which a pore
evolves (D). Finally, the creation of numerous pores within an
interconnected vesicular system is believed to be able to transform
into Q2 phases [89]. The transformation from Q2 to H2 phases is
not well understood on a molecular level, but it has been
experimentally proven that this transition takes place in various
lipid/water systems [87,90]. In contrast, the second mechanism
focuses on describing the possible pathways for the direct La-H2
structural transition. Its illustrated pathway bases on the formation
of line-defects. The different realistic schemes of two opposed
bilayers have been taken from Rappolt et al. [91]: starting from
two membranes in close contact (E), a line defect spontaneously
forms between them due to the spontaneous monolayer curvature
(F). Here, the lipid molecules are allowed to adopt their intrinsic
shape, i.e. to splay their chains and shorten accordingly. Next, the
shortage of water content in this line defect is adjusted (G). From this
point on, it is not difficult to imagine that a first inverted lipid tube
pinches off (H). The last panel teaches us even more: around the
first tube, six nearest-neighbor line defects are immediate (see *),
and thus, further loci for further lipid tube formations are certain.
Similar chain reactions have been describes also elsewhere [89,92].
Laggner and Kriechbaum explained the high-cooperativity of this
transition by a diffusion-free martensitic process [11,93]. In their
investigations, they found that the rapid temperature-jump
experiments leads also to the appearance of water-poor interme-
diate La and H2 phases.
In addition, it should be pointed out that alternative linear
precursors for the H2 phase have been proposed. First, monolayer-
embedded lipid tubes may form via the coalescence of a ‘‘pearl-
string’’ of inverted micelles [94]. This kind of ‘‘lipidic particle’’
fusion picture bases mainly on observations performed by freeze-
fracture electron microscopy [41,95]. Second, two opposed
backbend monolayers were suggested to form rapidly as a result
of the elongation of coalescent pairs of inverted micelle
intermediates [89].
Conclusions
In our present study, we carried out stopped-flow experiments
combined with synchrotron SAXS for monitoring in-situ the
structural transitions in DOPG/MO-based vesicles induced by
rapidly added Ca2+ solutions. Our initial intention was to gain
insight into the kinetics and the dynamics of the Ca2+-induced self-
assembly, and to detect also the possible formation of intermediate
phases. Under static conditions, it was reported that two different
bicontinuous cubic phases (Im3m or Pn3m) form by the addition
of Ca2+ ions to DOPG/MO-based ULVs and MLVs [1].
However revisiting the same studies but under rapid-mixing
conditions, fast and unexpected bilayer to monolayer transitions
were observed, i.e. already at low Ca2+ concentrations the La
phase transformed within milliseconds into the H2 phase. Few
seconds after the rapid mixing, no further changes in the fully
formed H2 phase were detected. At 20uC, the transition from La to
H2 phase occurs via an intermediate phase with a bilayer structure
(possibly Pn3m phase). This intermediate structure has a short
lifetime (100–400 ms). In contrast at 50uC, the impact of Ca2+ ions
on the DOPG/MO membrane curvature is higher, and no
formation of this intermediate phase was spotted. Our study
demonstrates further that the sample preparation can have great
influence on the calcium-induced nanostructures. For the
formation of ‘pellets’, the excess of water has to be removed from
the vesicular system, as done in ref. [1], and then under the
influence of Ca2+ ions the formation of the cubic Im3m or Pn3m
phases is observed (the published results have been reproduced).
However, different results are obtained when real vesicles (lipidic
nanostructures in excess water) are exposed to the same salt
concentration. In this case, the H2 phase forms and it is stable for
at least two weeks. The differences are most probably explained
throughout lower Ca2+ affinity in the ‘pellet’ situation or
alternatively by the unintentional removal of a fraction of DOPG
molecules, which would increase the impact of MO lipids in the
remaining pellet system. These findings also show how important
it is to study self-assembled nanostructures under realistic excess of
water conditions.
Materials and Methods
Materials
The lipids: monoolein (1-monooleoyl-rac-glycerol, MO, purity:
99%) was purchased from Sigma Chemical Co. (St. Louis,
Missouri, USA), and 1,2-Dioleoyl-sn-Glycero-3-[Phospho-rac-(1-
glycerol)] (Sodium Salt, purity: 99%) (DOPG) was obtained from
Avanti Polar Lipids (Alabaster, AL, USA). Chloroform (CHCl3,
purity: .99%) was supplied by Carl Roth GmbH (Karlsruhe,
Germany). Calcium chloride dihydrate of analytical grade was
supplied by Merck (Darmstadt, Germany). The used buffer was
PIPES (pH 7.0). For rapid mixing, the stock salt solution
Figure 9. Two schematics of the proposed pathways from the
bilayer to the inverted monolayer tube transition. On the left
hand side, the classical vesicle fusion route is depicted. The formation of
pores is widely believed to be the prerequisite for the formation of
bicontinuous cubic (Q2) nanostructures [87], which upon further
curvature frustration may transform into self-assembled monolayer
tubes (H2 phase). On the right hand side, the direct formation of an
inverse lipid nanotube between two opposed bilayers is illustrated. For
better understanding of the structural conversions, the headgroups of
opposed monolayers are shown in light blue whereas the rest are
depicted in blue (for further details see text).
doi:10.1371/journal.pone.0002072.g009
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containing 68 mM Ca2+ ions was prepared by dissolving the salt in
the PIPES buffer. All ingredients were used without further
purification.
Preparation of DOPG/MO-based Vesicles
For the preparation of the vesicles, we followed a similar
procedure to that reported by Awad et al. for forming MLVs [1].
In the absence of Ca2+ ions, the binary DOPG/MO mixture with
molar ratio of 30:70 was dispersed in the PIPES buffer. To follow
the kinetics of the phase transitions in the rapid-mixing
experiments, it was important to mix effectively the salt solution
with the vesicles. This was achieved by carrying out the
investigations with diluted DOPG/MO vesicles contain a total
lipid weight of ,7 wt%. Thus, the lipid concentration is different
from which was used in [1] (30 wt% total lipid content). Another
important difference is related to the preparation procedure of the
samples for SAXS investigations. In our study, we investigated
directly the formed vesicles coexisting with excess water without
applying any additional protocols. In contrast, Awad et al. [1]
applied an additional step of centrifuging the aqueous dispersions
in order to remove excess water, and hence used the so-called
‘pellets’ of lipids for the SAXS measurements.
Time-Resolved Synchrotron X-Ray Scattering
Measurements
X-ray scattering patterns were recorded at the Austrian SAXS
beamline (camera length 75 cm) at the synchrotron light source
ELETTRA (Trieste, Italy) [96,97] using a 1D position sensitive
detector (Gabriel type), which covered the q-range (q = 4p sinh/l,
where l is the wavelength and 2h is the scattering angle) of interest
from about 2p/300 to 2p/15 A˚21 at an X-ray energy of 8 keV.
Silver behenate (CH3-(CH2)20-COOAg with a d spacing value of
58.38 A˚) was used as a standard to calibrate the angular scale of
the measured intensity [98]. Stop-flow mixing experiments on the
lipid dispersions were performed with the commercial stopped-
flow apparatus SFM-400 (Bio-logic Company, Claix, France) in
combination with simultaneous time-resolved X-ray diffraction.
The cell consists of four reservoirs (each vertical syringe of 10 ml
volume is driven independently by stepping-motor) and three
mixing champers. The geometry of this system allows evacuating
easily air bubbles that could be formed during filling. For our
study, two syringes have been operated and a total shot volume of
100 ml was chosen. When actuated by an electronic trigger signal,
both the DOPG/MO-based vesicles and the solution of Ca2+ ions,
respectively, were injected into the mixing chamber and finally
pressed into an X-ray quartz capillary with a diameter of 1 mm
(specified dead time 10 ms), which was thermostated as well as the
syringes and the transfer lines of the stop-flow apparatus with a
water bath (60.1uC, Unistat CC, Huber, Offenburg, Germany).
The temperature was set to 20, 25, and 50uC, respectively.
X-ray data-analysis
In the time resolved X-ray scattering experiments, the first order
d spacings of the La and inverse hexagonal H2 phase (reflections
with the highest intensity) were derived from the SAXS diffraction
pattern by standard procedures as described in [46]. All observed
Bragg peaks were fitted by Lorentzian distributions after detector
efficiency corrections and subtracting the background scattering
from both water and the sample cell. The fittings were carried out
with home-written procedures running under IDL 5.2 (Research
Systems, Inc., USA). Few static scattering patterns were analyzed
by the global analysis program (GAP) [99]. In this program, not
only the lattice contributions [100,101] are considered, but also a
simple bilayer model is applied. This model uses one Gaussian for
the headgroups and another for the hydrophobic core. A more
detailed description of this model is given in Pabst’s recent review
[102].
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